Motor and sensory deficits are well-known consequences of spinal cord injury (SCI). During the last decade, a significant number of experimental and clinical studies have focused on the investigation of autonomic dysfunction and cardiovascular control following SCI. Numerous clinical reports have suggested that unstable blood pressure control in individuals with SCI could be responsible for their increased cardiovascular mortality. The aim of this review is to outline the incidence and pathophysiological mechanisms underlying the orthostatic hypotension that commonly occurs following SCI. We describe the clinical abnormalities of blood pressure control following SCI, with particular emphasis upon orthostatic hypotension. Possible mechanisms underlying orthostatic hypotension in SCI, such as changes in sympathetic activity, altered baroreflex function, the lack of skeletal muscle pumping activity, cardiovascular deconditioning and altered salt and water balance will be discussed. Possible alterations in cerebral autoregulation following SCI, and the impact of these changes upon cerebral perfusion are also examined. Finally, the management of orthostatic hypotension will be considered.
Introduction
Spinal cord injury (SCI) is a devastating medical condition affecting up to 52.5 individuals per million people in North America alone. 1 In addition to the motor and sensory deficits associated with SCI, coincident autonomic nervous system impairments are common. On a daily basis, individuals with SCI face the challenge of managing their unstable blood pressure, which frequently results in persistent hypotension and/or episodes of uncontrolled hypertension. Blood pressure control depends upon tonic activation of spinal sympathetic preganglionic neurons (SPN) by descending input from the supraspinal structures. 2 Following SCI, these pathways are disrupted, and spinal circuits become solely responsible for the generation of sympathetic activity. 3 This results in a variety of cardiovascular abnormalities that have been well documented in human studies, as well as in animal models. [4] [5] [6] [7] [8] However, the recognition and management of cardiovascular dysfunctions following SCI represent challenging clinical issues.
Moreover, cardiovascular disorders in the acute and chronic stages of SCI are among the most common causes of death in individuals with SCI. [9] [10] [11] This review will present a summary of the current information on the autonomic control of blood pressure in SCI individuals, with particular emphasis on orthostatic hypotension. Orthostatic hypotension represents a complicated clinical condition, which can severely affect quality of life, and is typically difficult to manage. This review will focus on the prevalence of orthostatic hypotension in SCI patients, and the possible mechanisms underlying this disorder.
Physiology and neuroanatomy of cardiovascular control
When considering pathophysiology, it is always beneficial to first examine the normal physiological state ( Figure 1 ). In able-bodied individuals, both heart rate and blood pressure are controlled by coordinated inputs from two components of the autonomic nervous system: the sympathetic and parasympathetic. These two systems generally have opposing roles and are activated according to the needs of the individual. The parasympathetic nervous system is dominant during rest. When stimulated, this system acts to decrease heart rate. The sympathetic nervous system, on the other hand, is largely excitatory, and can be simplistically considered as that which prepares the body for an emergency, forming part of the well-known 'fight and flight reaction', and typically counteracts the parasympathetic nervous system. When the sympathetic nervous system is activated it increases heart rate and the force of myocardial contractions, and increases peripheral vascular resistance, resulting in an increase in blood pressure.
In able-bodied individuals, certain cortical structures, particularly the insula and the hypothalamus, contribute to the autonomic regulation of cardiovascular control. 12 However, medullary neurons localised within the rostral ventrolateral medullar (RVLM) are thought to be responsible for the maintenance of peripheral vascular tone and arterial blood pressure. 2, 13 RVLM neurons normally provide tonic innervation to the SPN located within the lateral horns of the spinal grey matter of the thoracic and upper lumbar spinal segments. [14] [15] [16] Axons of the SPN exit through the ventral roots and synapse on postganglionic sympathetic neurons located within the spinal prevertebral ganglia. The postganglionic neurons then send their axons within the peripheral nerves and innervate the target organs, the heart and blood vessels ( Figure 1 ).
The parasympathetic control of the cardiovascular system is conducted through the vagus nerve, which exits from the brain through the base of the skull and synapses with postganglionic neurons within the myocardium. 17 There is no parasympathetic innervation of the peripheral vasculature.
SCI leads to disruption of the descending spinal cardiovascular pathways, resulting in sympathetic hypoactivity and unopposed prevalence of the intact vagal parasympathetic control. 18 Sympathetic hypoactivity results in low resting blood pressure, loss of regular adaptability of blood pressure, and disturbed reflex control. 6, 8 Abnormalities of cardiovascular control following SCI Blood pressure control is usually severely disrupted following SCI, although the manifestations of the altered blood pressure control tend to change with time following the injury. Soon after the injury (hours to days) there is a transient state of hypoexcitability of the isolated spinal cord, known as 'spinal shock', which is associated with flaccid paralysis of the muscles and absent tendon reflexes, in addition to impairment of spinal autonomic function. 19 Coincident with spinal shock there is dilatation of the blood vessels, particularly those in the skin, which (combined with impaired autonomic reflexes) often results in profound hypotension, and is termed 'neurogenic shock'. 20, 21 Over time (days to weeks) the spinal shock resolves, but SCI patients are frequently troubled with sudden falls in blood pressure upon postural change, or following prolonged periods of sitting (orthostatic hypotension) characterised by dizziness, lightheadedness or even syncopal events. 21, 22 Conversely, SCI individuals can also be affected by sudden bouts of hypertension triggered by afferent stimuli below the level of the spinal The cerebral cortex and hypothalamus project to the various nuclei within the medulla oblongata, where cardiovascular autonomic control is coordinated. The parasympathetic control of the cardiovascular system exits at the level of the brainstem via the vagus nerve. The preganglionic fibres of the vagus nerve then synapse with postganglionic parasympathetic neurons in ganglia on or near the target organ. Descending sympathetic pathways provide tonic control to SPN involved in cardiovascular control. SPN are found within the lateral horn of the spinal cord in segments T1-L2 and exit the spinal cord via the ventral root. They then synapse with postganglionic neurones located in the sympathetic chain (paravertebaral ganglia). Finally, the sympathetic postganglionic neurones synapse with the target organs, the heart and blood vessels cord lesion (autonomic dysreflexia) presenting symptomatically with pounding headache and upper body flushing. 8 Previously, it was felt that the hypotensive episodes were confined to the acute period following SCI, and autonomic dysreflexia to the chronic phase of SCI. 6 However, it has also been shown that autonomic dysreflexia can present in the early phases of SCI, 23, 24 and that orthostatic hypotension can persist for years, and often becomes worse with time. 25 Numerous investigators identified various possible mechanisms that are likely to be responsible for the abnormal sympathetic cardiovascular control following SCI (Table 1) . Firstly, there is a loss of descending supraspinal sympathetic excitatory and inhibitory control. 6, 26 The extent to which this disrupts sympathetic control is directly related to the level at which the SCI occurred. 6, 8, 18 Secondly, there is a generalised reduction in sympathetic activity associated with low plasma adrenaline and noradrenaline levels. 6, 27, 28 This is particularly pronounced in high-level (cervical and high thoracic) complete SCI. Thirdly, there are morphologic alterations that occur within SPN following SCI. 29, 30 Initially after SCI there are signs of atrophy of SPN (possibly due to partial deafferentation from the loss of descending medullary input), which is followed by axonal sprouting and as a result, the possible formation of new and often inappropriate synaptic connections. 30 Finally, it has also been identified that there is peripheral a-adrenoreceptor hyper-responsiveness following SCI, 34 and this may play a significant role in the development of autonomic dysreflexia.
Prevalence of orthostatic hypotension in SCI
Orthostatic hypotension is defined by The Consensus Committee of the American Autonomic Society and the American Academy of Neurology (1996) as a decrease in systolic blood pressure of 20 mmHg or more, or in diastolic blood pressure of 10 mmHg or more, upon the assumption of an upright posture from a supine position, regardless of whether symptoms occur. 35 There is a strong link between SCI and the presence of orthostatic hypotension. 6, [36] [37] [38] [39] Orthostatic manoeuvres performed during physiotherapy and mobilisation are reported to induce blood pressure decreases diagnostic of orthostatic hypotension in 74% of SCI patients, and symptoms of orthostatic hypotension (such as lightheadedness or dizziness) in 59% of SCI individuals. 38 This is likely to have a negative impact upon the ability of SCI individuals to participate in rehabilitation.
Orthostatic stress imposed using tilt testing (passive standing) is associated with a slightly lower incidence of orthostatic hypotension than physiotherapy manoeuvres. One study reports orthostatic hypotension during tilting in 57% of SCI patients, and symptoms associated with the hypotension in 25% of these patients. 40 The reason why passive tilting is less likely to produce orthostatic hypotension is unclear, but the presence or absence of orthostatic hypotension is likely to be related, at least in part, to the type of orthostatic manoeuvre performed, and whether this is active or passive in nature. It is known, however, that the likelihood of experiencing orthostatic hypotension is greater in patients with higher spinal cord lesions, and thus it is more common in individuals with tetraplegia. 6, [36] [37] [38] These individuals also experience larger falls in blood pressure associated with postural change than those with paraplegia. 38 There is also an increased risk of orthostatic hypotension in individuals who sustain a traumatic SCI than in nontraumatic injury such as spinal stenosis. 39 Finally, it is notable that there are few reported incidences of orthostatic hypotension associated with SCI in the elderly, 40 which is surprising since among able-bodied elderly persons, orthostatic hypotension is a common and troublesome phenomena. 41 The reasons why there is little evidence of orthostatic hypotension in elderly SCI patients are unknown and warrant further investigation. However, it is known that during the last decade there has been a demographic change, whereby there has been an increase in the age of SCI individuals, 42, 43 and this may be associated with an increased incidence of orthostatic hypotension in SCI individuals. Clinicians working with elderly individuals with SCI should be aware of the combined impact of both age-and SCI-induced alterations in orthostatic cardiovascular control.
The extent to which SCI subjects are prone to orthostatic hypotension can be seen in Figure 2 . This shows the changes in blood pressure and heart rate following passive movement from a supine to seated position in a subject with SCI (C5 ASIA B), in comparison to a healthy control volunteer. 44 The severity of SCI was assessed using the ASIA/IMSOP assessment of motor and sensory impairment. 45 Upon the assumption of a passive seated position, the SCI subject exhibited a marked, progressive decrease in blood pressures and relative postural tachycardia. In contrast, in the control subject, blood pressures were increased following the change in posture with little change in heart rate, due to the presence of normal descending cardiovascular control to spinal autonomic circuits.
Mechanisms underlying orthostatic hypotension in SCI
The precise mechanisms responsible for orthostatic hypotension in SCI patients are uncertain, and likely to be multifactorial. Factors likely to underlie orthostatic hypotension and symptoms of orthostatic 26 Reduced sympathetic tone below the lesion 6, 27, 28 Morphologic changes in sympathetic neurons [29] [30] [31] Plasticity within spinal circuits [31] [32] [33] Peripheral a-adrenoceptor hyper-responsiveness 34 intolerance in SCI patients are discussed below, and summarised in Table 2 .
Sympathetic nervous system dysfunction As mentioned previously, the sympathetic nervous system plays a critical role in cardiovascular control. 17 Parasympathetic control is usually preserved in SCI, 8 but the synergistic relationship between parasympathetic and sympathetic control is lost, particularly in those with cervical and high thoracic SCI. Lesions above T6 disrupt supraspinal control to the splanchnic bed (and thus the major capacitance vessels) predisposing to orthostatic instability. The higher the level of injury, the greater the level of impairment of efferent sympathetic nerves. 6 This disruption of spinal sympathetic pathways would be likely to affect the vascular resistance responses to orthostasis, particularly in the dependent regions. In the upright position, there is normally a baroreceptor-mediated vasoconstriction, via an increase in tonic sympathetic outflow, in order to maintain blood pressure and cerebral perfusion. It has been demonstrated previously that these vascular resistance responses play a crucial role in cardiovascular control during orthostatic stress, [46] [47] [48] and any impairment in vascular resistance responses following SCI will predispose to orthostatic intolerance. 46, 47 In the light of the alterations mentioned above, it is surprising that blood pressure control during orthostatic stress is not more severely impaired following SCI. One reason for this may be the fact that although resting supine sympathetic activity (and thus blood pressure) tends to be low after SCI, some studies do report an appropriate increase in peripheral resistance when upright in SCI individuals, despite presumed disruption of the sympathetic control. [49] [50] [51] It is likely that some other mechanism is responsible for the increased peripheral resistance following orthostasis in SCI individuals. This could be related to production of catecholamines by the adrenal medulla, 50 although recent evidence suggests that this is unlikely (see below), a large and rapid release of vasopressin upon postural change to levels sufficient to exert a pressor effect, 52 spinal reflexes and veno-arteriolar reflexes 6 or peripheral a-adrenoceptor hyper-responsiveness. 34 Although circulating supine resting catecholamine levels, particularly noradrenaline, are low in high SCI, there is a coincident hyper-responsiveness of a-adrenoceptors below the lesion site 34 such that if there were to be any increase in noradrenaline levels (eg via activation of the renin-aldosterone-angiotensin system), 6 the peripheral a-adrenoceptors would be likely to respond strongly. However, several investigations have shown that in SCI individuals, the levels of both adrenaline and noradrenaline are abnormally low while supine, 6 and that SCI individuals fail to increase catecholamine levels in response to an orthostatic challenge (Claydon et al, unpublished observations; Figure 3 ). These observations are supported by earlier observations in a small number Blood pressure and heart rate responses to orthostatic stress in a healthy male control subject (a) and a man with chronic cervical SCI (C5 ASIA B; b). 44 The SCI subject had complete destruction of descending autonomic pathways as assessed by the absence of sympathetic skin responses. Resting systolic (SAP) and diastolic (DAP) arterial pressures were higher in the control than the SCI subject. Resting heart rates (HR) were similar. Following the assumption of an upright seated position (indicated by the solid black line), the control subject had a marked increase in SAP and DAP, with little change in HR. In contrast, the SCI subject had a marked, progressive decrease in both SAP and DAP in the upright posture, characteristic of orthostatic hypotension, associated with a postural tachycardia of approximately 25 bpm 
Predisposing factors
Sympathetic nervous system dysfunction 6, 28 Altered baroreceptor sensitivity 62, 64 Lack of skeletal muscle pumps [49] [50] [51] Cardiovascular deconditioning 69 Altered salt and water balance 74 The level and severity of spinal cord injury, and the extent to which other systems are affected will play a significant role in the development of orthostatic hypotension of cervical SCI individuals in whom catecholamine levels failed to increase following head-upright tilting. 53, 54 These data suggest that there is severe impairment of descending tonic cardiovascular control to the spinal autonomic circuits in individuals with cervical SCI, such that there is insufficient sympathetic outflow to release noradrenaline, and consequently impaired vascoconstriction.
Another possible explanation for the ability to generate a small vascular resistance response in some SCI individuals may be related to partial preservation of descending tonic sympathetic supraspinal control to spinal circuits. 18 Unfortunately, most studies examining cardiovascular dysfunction following SCI have used the traditional motor and sensory classification of the ASIA/ IMSOP assessment 45 to evaluate severity of injury, which does not consider the integrity of autonomic pathways. Indeed, it has been shown recently that severe disruption of descending cardiovascular pathways was correlated with greater abnormalities of cardiovascular control in individuals with SCI. 18 Furthermore, the importance of the assessment of autonomic control following SCI was highlighted in a recent review article. 55 Altered baroreflex function Baroreceptors are stretch receptors located in the aortic arch, carotid sinus and coronary arteries that respond to perturbations in arterial pressure and reflexly modulate sympathetic and parasympathetic outflow in order to maintain blood pressure homeostasis. Dysfunctional baroreceptor reflex control may present with various clinical conditions, depending on the nature of the disorder. This could, at least in part, be responsible for the low resting supine blood pressure in SCI individuals compared to able-bodied persons, particularly in patients with high-level (cervical and high thoracic) injuries. 6 In addition, the circadian rhythms of blood pressure control, including circulating plasma noradrenaline and cortisol, are abolished in individuals with tetraplegia, and thus high-level lesions. [56] [57] [58] This further highlights the baroreflex dysfunction in high-level SCI. [59] [60] [61] In support of this notion, baroreflex function (assessed using spectral analysis of oscillations in heart period and blood pressure) during orthostatic stress was found to be abnormal in SCI patients with lesions at T3 or above. 62 Furthermore, individuals with tetraplegia are also reported to have impaired baroreceptor responses to discrete stimulation of the carotid sinus using neck suction or neck pressure, whereby both the baroreceptor sensitivity and range of operation were reduced. 63 However, the impairment in baroreceptor control may not be restricted to those individuals with high-level lesions. Additional research, again utilising spectral analyses, suggests that paraplegic patients also have altered baroreceptor responses to orthostasis, whereby the sympathetic response was blunted, and the response of vagal withdrawal was enhanced. 64 These studies suggest an impairment of baroreceptor control in both high-and low-level lesions, which could contribute to orthostatic intolerance in SCI.
Lack of skeletal muscle pumping activity
The established test to assess the severity of orthostatic hypotension is to perform tilt testing. This involves passively moving the subject from a supine position into an upright position, with a vertical displacement of between 60 and 901. One feature that is important during tilt testing is the passive nature of the test; the subject remains as still as possible and avoids movement of postural muscles. During head up tilt, the subject Movement to an upright position led to a small (although insignificant) rise in plasma adrenaline in controls, which was not seen in SCI subjects. NA levels were significantly lower in SCI during both the supine and upright condition. Following the assumption of an upright position, NA levels were markedly increased in controls, with no change in SCI subjects. This increase in the level of NA is due to tonic activation of autonomic circuits responsible for orthostatic stability in controls. However, in SCI individuals this descending control is markedly disrupted is supported either by a foot plate 65 or a harness 66 and is not tilted fully upright so that leg movements are avoided. During normal standing, on the other hand, postural muscles are continually reciprocally activated. This has the effect of compressing veins and pumping blood back to the heart, and is an important means of maintaining venous return when upright. 67 SCI patients are lacking this skeletal muscle pumping effect, and this would predispose to circulatory hypokinesis by reducing venous return in the upright position and thus lowering stroke volume, cardiac output and blood pressure. 50 The lack of skeletal muscle contractions during postural challenge has been demonstrated to have a powerful effect upon orthostatic changes in blood pressure in a number of studies. [49] [50] [51] These investigators performed electrically stimulated leg muscle contractions in paraplegic and tetraplegic volunteers, simulating the skeletal muscle pumping effect normally present in able-bodied persons during standing. Electrically stimulated leg muscle contractions increased peripheral resistance, heart rate and cardiac output, and blunted the fall in stroke volume that normally occurs during orthostasis. [49] [50] [51] However, perhaps most importantly, these induced contractions prevented or reduced the orthostatic hypotension normally seen in these SCI patients. Thus, it seems possible that the orthostatic hypotension associated with SCI is due, in part, to the failure to activate skeletal muscle pumps in paralysed dependant limbs during postural challenge.
Cardiovascular deconditioning
Cardiovascular deconditioning refers to a spectrum of physiological disorders that develop following prolonged bed rest, or exposure to microgravity (such as that which occurs during space flight). Following SCI, cardiovascular deconditioning is to be expected, due to the long periods of bed rest that are an inevitable consequence of the acute phase of the injury. Cardiovascular deconditioning is manifest by profound orthostatic intolerance, thought to be mediated via a diminished blood volume, decreased muscle or tissue pressure in the extremities (secondary to decreased muscle mass), or to functional alterations in the sympathetic nervous system. 68 It has also been noted that microgravity-adapted animals have marked elevation of nitric oxide production in the kidney, heart, brain and systemic arteries, coupled with decreased nitric oxide production in the cerebral arteries. 69 Nitric oxide acts on vascular smooth muscle to produce vasodilation, and is also known as endothelium-derived relaxing factor. 70 Thus, the changes in nitric oxide noted would lead to enhanced peripheral vasodilatation (and reduced blood pressure) with a tendency for cerebral vasoconstriction (and hypoperfusion). These factors combined would worsen orthostatic hypotension. Thus, it has been suggested that cardiovascular deconditioning following SCI (due to prolonged bed rest or disruption of the efferent sympathetic nervous control) may be mediated, at least in part, by altered nitric oxide metabolism. 69 The orthostatic intolerance that occurs coincident with cardiovascular deconditioning is characterised by postural hypotension and postural tachycardia. 68 Cardiovascular deconditioning related to immobilisation is probably a major factor in the acute period of SCI. However, in individuals with chronic SCI it is less likely to be responsible for their orthostatic hypotension, as with time following injury individuals are mobilised, and any deconditioning effects are likely to be resolved.
Altered salt and water balance
In able-bodied individuals, orthostatic tolerance and postural blood pressure control are known to be greatly influenced by plasma volume, 66 whereby larger plasma and/or blood volumes are associated with better tolerance to orthostasis. 6, 71 Similarly, expansion of plasma volume following salt supplementation improves orthostatic tolerance. 72, 73 Thus, it would be expected that salt depletion and/or small plasma volumes would predispose to orthostatic hypotension. 66 In patients with chronic SCI, there is evidence of impaired water and sodium retention in the seated position, and limited salt and water intake. 25, 74 Hyponatremia is also reported in acute SCI. 75 Thus, hyponatremia, probably secondary to supraphysiological ADH activity in SCI, 51 is common among acute and chronic SCI patients. 25, 75, 76 The combination of increased ADH secretion, low sodium intake, high sodium excretion and the resulting hyponatremia are likely to predispose towards small plasma volumes in SCI patients, and this, in turn, would exacerbate episodes of orthostatic hypotension in these individuals.
Orthostatic hypotension and symptoms of cerebral hypoperfusion in SCI
Orthostatic hypotension frequently results in cerebral hypoperfusion and symptoms of orthostatic intolerance such as dizziness or fainting (syncope). However, some individuals are relatively insensitive to hypotension and are able to maintain normal consciousness in the face of low arterial pressures. This is particularly evident in individuals suffering from autonomic failure, such as multiple system atrophy and pure autonomic failure. 21, [77] [78] [79] The mechanisms underlying this tolerance to hypotension are unclear, but since the ultimate cause of symptoms in these individuals is known to be due to cerebral hypoperfusion, it is likely that there is a shift in cerebral autoregulation in these individuals, whereby cerebral blood flow is maintained despite low perfusion pressures. [77] [78] [79] Patients with SCI who demonstrate postural hypotension also seem to have altered cerebral haemodynamics, since many of them are able to tolerate profound hypotension and remain asymptomatic, and indeed, symptoms were only reported during documented orthostatic hypotension in approximately 60% of cases. 38 
Cerebral autoregulation
In able-bodied individuals, cerebral blood flow shows marked autoregulation, whereby pressure changes are buffered by changes in cerebrovascular resistance such that flow remains constant. 80 When supine, blood is distributed evenly throughout the body and a mean arterial pressure of 85 mmHg, as measured at heart level, will also correspond to a mean cerebral perfusion pressure of 85 mmHg. However, when upright, cerebral arterial pressure is 15-30 mmHg lower than that in the aortic arch due to the vertical height difference between the head and heart. 80 This relative reduction in cerebral perfusion pressure provides a challenge to cerebral autoregulation, whereby cerebrovascular resistance must decrease in order to maintain constant flow (according to Ohms Law). Since a reduction in cerebral perfusion is the ultimate cause of presyncopal symptoms associated with orthostatic hypotension, an understanding of the control of cerebral autoregulation in SCI is crucial.
There is evidence that cerebral autoregulation is altered in SCI patients. In SCI patients with tetraplegia, a decline in blood pressure during tilting was associated with symptoms only in those individuals in whom cerebral blood flow was reduced to low levels. 81 Indeed, in this study, cerebral blood flow was significantly lower in individuals with symptomatic orthostatic hypotension (32.575 cm/s) compared to asymptomatic individuals (40.978 cm/s, Po0.02), even though the decrease in blood pressure with postural change was similar in the two groups (Figure 4) . These investigators suggested, therefore, that autoregulation of cerebral blood flow, rather than systemic blood pressure, plays the dominant role in the apparent adaptation to orthostatic hypotension in SCI patients. However, it is remarkable that such low pressures (approximately 85/60 mmHg) 81 should be tolerated. If the systemic blood pressure decreases to low levels, the cerebral perfusion pressure (in the upright position) will be reduced considerably further, due to the hydrostatic effect of the height difference between the head and heart when upright. The crucial factor in determining consciousness, however, is not specifically cerebral blood flow, but rather cerebral oxygenation. 82 SCI patients, although demonstrating a much larger fall in blood pressure upon orthostasis than able-bodied controls, show a similar reduction in cerebral oxygenation when upright. 83 Thus, although the systemic circulation is compromised in SCI patients, cerebral oxygenation is maintained as well as in able-bodied controls. In support of this, another study by the same group found that both able-bodied controls and SCI individuals had similar reductions in cerebral oxygenation to simulated standing using supine lower body suction, despite the SCI subjects having larger decreases in systemic blood pressure. 82 Similarly, they also noted that the SCI group had larger falls in cerebral blood flow during the orthostatic stress. The greater decline in cerebral blood flow seems contrary to the other studies, and the control of cerebral blood flow in SCI requires further examination. It may be that the extent to which the cerebral blood flow is controlled is related to the level, or completeness of the SCI, a factor that was not controlled for in these studies. Furthermore, we have to acknowledge that at the present time there is no data available regarding the correlation between the severity of injury to autonomic pathways following SCI and cerebral haemodynamics.
Common carotid artery haemodynamics
Much of the blood supply to the cerebral circulation is provided via the carotid arteries, and in addition to supplying blood to the head they also contain the carotid baroreceptors. 17 This is important because during orthostasis the carotid baroreceptors lie above heart level, and as such are activated by the relative fall in pressure due to the hydrostatic effects of gravity, 80 and normally bring about the coordinated reflex responses to orthostasis. In SCI, the baroreceptor pathways may be impaired, 64 and in addition there may, 82 or may not, 81, 83 be a disruption of cerebral blood flow during standing.
For these reasons, carotid artery haemodynamics could provide additional information concerning cere- brovascular control in SCI patients. It has been shown that common carotid artery (CCA) diameter and flow, during supine and when tilted upright, were similar in SCI patients with paraplegia and able-bodied controls. 84 However, SCI patients with tetraplegia had significantly greater CCA diameter and flow in the supine position. In all three groups there was a reduction in CCA diameter and flow upon tilting, but in tetraplegic patients, this change was greater, such that the tilted levels became similar to those in paraplegic patients and controls. The authors propose that individuals with tetraplegia may show an adaptation in CCA haemodynamics that is beneficial in terms of orthostatic tolerance, which maintains flow both to the carotid baroreceptive regions, and towards the brain, in the face of greater falls in blood pressure during standing than paraplegic patients or able-bodied controls.
Implications of impaired blood pressure control in SCI
It is well-known that orthostatic hypotension affects the ability of individuals with SCI to participate in activities likely to provoke falls in blood pressure. This has a marked impact upon activities of daily living, particularly participation in rehabilitation programmes, and severely affects quality of life. 38 However, in addition to these profound episodes of orthostatic hypotension, it is likely that the low resting blood pressures that are common in SCI (particularly in cervical SCI) would also have a deleterious affect upon the health of SCI individuals. Indeed, it is known that even moderate resting hypotension (systolic pressure below 110 mmHg) is associated with deficits in cognitive performance. 85 Furthermore, orthostatic hypotension is commonly associated with fatigue, 86, 87 which is an other factor that adversely impacts upon quality of life and participation in rehabilitation. In addition, it is possible that those individuals with more severe orthostatic hypotension, and thus presumably the greatest impairment of cardiovascular control, may also be more prone to other cardiovascular abnormalities such as episodes of autonomic dysreflexia. The long-term risks of acute swings in blood pressure from very low levels associated with orthostatic hypotension to very high levels associated with autonomic dysreflexia are not known. However, it is well recognised that the initiation and progress of atherosclerosis may be related to repeated bouts of hypertension, leading to shear stress and consequent endothelial damage. 88, 89 This would provide a mechanism linking the blood pressure dysregulation of SCI individuals and their increased cardiovascular mortality. 10 
Management of orthostatic hypotension in SCI
The management of orthostatic hypotension in individuals with SCI is essentially similar to the treatment of autonomic failure in the able-bodied population. Although the aetiology of the autonomic impairment in autonomic failure is different to that of SCI, the subsequent presentation of orthostatic hypotension (and other autonomic dysfunctions) may be similar in the two disorders, and thus the management of orthostatic hypotension in both SCI and the autonomic failure syndromes is similar. The treatment of orthostatic hypotension in relation to other disorders has been extensively reviewed elsewhere, 87, 90, 91 and a full discussion of the treatment paradigms is beyond the scope of this review.
In brief, nonpharmacologic measures should form the first line of therapy. Individuals should be advised regarding the mechanisms underlying orthostatic hypotension, and common factors likely to provoke an episode. Further advice should be given on the maintenance of plasma volume by ensuring an adequate salt and fluid intake, 47, 70 and the avoidance of diuretics such as alcohol and caffeine. SCI individuals should be educated as to the symptoms of orthostatic hypotension and encouraged to assume a recumbent or semirecumbent position should they occur. The use of compression bandages or support stockings to restrict venous pooling in the splanchnic region and dependent limbs should be encouraged. 87, 90, 91 Patients should also be advised to avoid vasodilatory stresses such as heat stress or common vasodilators, including alcohol, and to take regular small meals to minimize postprandial hypotension. 87, 90, 91 It has also been shown that sleeping with the bed head raised by 10-201 increases plasma volume and orthostatic tolerance in able-bodied individuals, 80, 92 and this should be encouraged in individuals with SCI and orthostatic hypotension. If these measures are ineffective, pharmacological therapy may be appropriate. This most commonly involves the expansion of plasma volume with fludrocortisone, 92, 93 or increasing peripheral vasoconstriction with the a-adrenergic agonist midodrine. 94, 95 A summary of these management options is shown in Table 3 .
Summary
Orthostatic hypotension is a distressing and troublesome disorder, which is frequently associated with SCI. The mechanisms underlying orthostatic hypotension Table 3 Strategies for the management of orthostatic hypotension in individuals with SCI
Nonpharmacological management
Advice and avoidance of precipitating factors 87, 90, 91 Increased salt and fluid intake 48, 72 Abdominal compression bandages and/or support stockings 87, 90, 91 Sleeping with the bed head raised by 10-201 80, 92 Minimize postprandial hypotension 87, 90, 91 Pharmacotherapy Fludrocortisone 92, 93 Midodrine 94, 95 Nonpharmacological measures should form the first line of therapy following SCI are unclear, but are likely to be multifactorial. Some possible contributing factors are lack of tonic sympathetic control (particularly in those with high level lesions), impaired baroreceptor regulation, lack of skeletal muscle pumping activity in the dependant limbs of paralysed individuals, cardiovascular deconditioning following prolonged periods of bed rest and hyponatremia with the resultant hypovolemia. It does seem, however, that some protective adaptations occur in SCI patients that serve to limit the symptoms of orthostatic hypotension. These involve mainly adaptations in the cerebral circulation, sufficient to help to maintain cerebral oxygenation in the face of falling perfusion pressures. Greater emphasis should be placed upon the evaluation and management of autonomic function in patients following SCI.
